A role for rRNA in peptide chain termination was indicated several years ago by isolation of a 16S rRNA (small subunit) mutant of Escherichia coli that suppressed UGA mutations. In this paper, we describe another interesting rRNA mutant, selected as a translational suppressor of the chain-terminating mutant trpA(UGA211) of E. coli. The finding that it suppresses UGA at two positions in trpA and does not suppress the other two termination codons, UAA and UAG, at the same codon positions (or several missense mutations, including UGG, available at one of the two positions) suggests a defect in UGA-specific termination. The suppressor mutation was mapped by plasmid fragment exchanges and in vivo suppression to domain II of the 23S rRNA gene of the rrnB operon. Sequence analysis revealed a single base change of G to A at residue 1093, an almost universally conserved base in a highly conserved region known to have specific interactions with ribosomal proteins, elongation factor G, tRNA in the A-site, and the peptidyltransferase region of 23S rRNA. Several avenues of action of the suppressor mutation are suggested, including altered interactions with release factors, ribosomal protein L1I, or 16S rRNA. Regardless of the mechanism, the results indicate that a particular residue in 23S rRNA affects peptide chain termination, specifically in decoding of the UGA termination codon.
A role for rRNA in peptide chain termination was indicated several years ago by isolation of a 16S rRNA (small subunit) mutant ofEscherichia coli that suppressed UGA mutations and implicated in particular the universally conserved nucleotide C1054, located in the conserved helix 34 (1) . A key role for 23S rRNA (large ribosomal subunit) in peptide bond formation, translocation, and translational accuracy has been clearly established (refs. [2] [3] [4] [5] and references therein). The small ribosomal subunit, on the other hand, has generally been thought to be the subunit involved in codon-specific translational events in both elongation and termination. Indeed, until recently, the majority of rRNA suppressors of nonsense (termination codon) mutations obtained were associated with 16S rRNA (6) . In this paper, however, we describe a 23S rRNA nonsense suppressor that works at UGA mutant codons in trpA but not at UAA or UAG mutations at the same codon positions. A preliminary report of these results was presented at the Cold Spring Harbor Laboratory meeting on the Molecular Genetics of Bacteria and Phages, August 18-23, 1992 .
MATERIALS AND METHODS
The bacterial strains were derived from E. coli K-12 . The nomenclature for trpA mutations and suppressor genes has been described (7) . Specific strains are described at first mention in Results. Some strains contained a pcnB mutation, which reduces colEl-type plasmids to a few copies per cell (8, 9) . pcnBl, obtained from J. S. Parkinson in strain RP7947 (9) ,
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. was moved into our strains by way of the closely linked transposon zad-981::mini-kan. We have previously described the methods for screening prototrophic derivatives of a Trpauxotroph to distinguish suppressed mutants from revertants (10) and for comparing growth of suppressor-containing strains on plates (11) . The main plasmids used in this study were as follows. pc1857 was derived from pACYC177 and contains a temperature-sensitive bacteriophage A repressor gene (12) . pDJ100 was derived from pBR322 and contains the wild-type rRNA operon, rrnB, under the control of the A PL promoter. It is a spontaneous derivative of pNO2680 (13) and contains an '300-bp insertion in the PL region between the two Bgl II sites of pNO2680 (unpublished observations; Fig. 1 RESULTS Suppressor Selection. mutD5-treated pDJ100 (see Fig. 1 functional and transcription of the mutant rrnB increases. In this way, we demonstrated that at 42°C, the suppressor mutation, present in pDJ101, is lethal to the cell. In the second instance, we used a plasmid preparation of the suppressor mutant to transform pairs of isogenic strains containing each of four trpA UGA mutations. Each pair contained a PcnB+ and a PcnB-member. In both members of each pair, the rrnB operon was maximally transcribed. They differed, however, in their plasmid copy numbers by virtue of the status of the pcnB allele. Table 1 highlights the UGA suppression ability of the suppressor (in pDJ101) and indicates the suppressor's lethality at higher copy number.
Transformation of PcnB+ strains with pDJ101 yielded extremely sick looking, nonviable "colonies." Among them, however, were a few fast-growing, healthy colonies, so several were purified and examined for a secondary mutation in the plasmid. In two cases, back transformation demonstrated that a secondary mutation accounting for healthy growth was plasmid associated. Fragment exchanges between one of the nondetrimental plasmids, pDJ101[4a], and wild-type pDJ100, followed by transformations of PcnB+ and PcnB-strains, indicated that the secondary, remedial mutation was not in the rRNA operon (between Kpn I and, counterclockwise, BamHI). Presumably, it lowers the effectiveness of the suppressor (Table 1) , and hence its detrimentality, either by decreasing plasmid copy number or by lowering transcription from the PL promoter.
Molecular Mapping and Nucleotide Sequence Analysis of the Suppressor Mutation. To localize the suppressor mutation to a fragment convenient for DNA sequence analysis and to exclude the possibility that secondary mutations outside the region were involved in suppression, we cut both the wild-type plasmid and the suppressor-containing plasmid with appropriate restriction enzymes (see Fig. 1 (21) .
Suppressor Specificity. To determine how specific the new suppressor was, we introduced plasmid pDJ101[4a] into isogenic PcnB+ strains differing only in the nature of the trpA mutation. After purification of the AmpR transformants, several from each were tested for Trp+. The results were that the G1093 to A change in 23S rRNA suppressed UGA mutations at two trpA positions but not UAA or UAG at the same codon positions (or several missense mutations, including UGG, available at one of the two positions). (The -1 frameshift mutation trpE91 was also tested and found not to be suppressed.) To verify that the trpA nonsense mutants that we used can indeed reveal nonspecific nonsense suppressors, we examined them in the presence of the 16S rRNA mutant C517, which suppresses all three termination codons in lacI-Z fusions (22) . With CS17, we observed suppression, on glucose minimal medium, of UGA at three trpA positions and of UAA and UAG at two of the three (K. A. Hijazi, F.T.P., and E.J.M., unpublished results).
In another approach to the codon specificity of A1093, we examined the growth of trpA nonsense mutant strains containing A1093 on a plasmid by a modification of the zone of inhibition procedure (16) . In this case, the agar medium contained a low concentration (1.5 gg/ml) of indole (Ind). On the disk was deposited 1 gg of the trp corepressor 5-methyl-DL-tryptophan (5MT). The amount of 5MT to be placed on the disk was chosen, from several tested, as an amount that gave a small but readable zone with a positive control strain. Each suppressor-free strain contained a particular trpA nonsense mutation and the plasmid carrying the wild-type rrnB operon. Media with low Ind and high 5MT (Ind-5MT) can RF1 and RF2 (24) (25) (26) , elongation factor (EF) EF-Tu (27) , and ribosomal proteins (28, 29) .
Translational suppressors that mapped to or near rRNA genes in yeast mitochondria were known since the early 1980s (30-32), but it was not until 1989 that the DNA sequence of one of them was reported (33) . The mutant site, in the small ribosomal subunit RNA, was analogous to residue 517 inE. coli 16S rRNA, mutation of which was later shown to affect translational accuracy (22) . A role for 16S rRNA in peptide chain termination had been indicated by the 1988 report of an rrsB mutant that suppresses UGA mutations in trpA, but not UAA, UAG, or missense mutations (1) . That finding and subsequent work (6, (34) (35) (36) , implicated in peptide chain termination the universally conserved residue C1054 and the secondary structure in which it is located, helix 34. In this paper, we describe a mutation in a cloned E. coli gene for 23S rRNA (the large RNA of the large ribosomal subunit), a mutation that implicates the large subunit and 23S rRNA in particular in decoding-that is, in the codon recognition step of termination of polypeptide synthesis at UGA codons.
In general, an rRNA mutation could lead to suppression of a chain-terminating mutation (readthrough) by either increasing termination codon mistranslation or decreasing the effktiveness of the termination mechanism. In the first case a decrease in translational accuracy should be relatively ispecific and may be expected to exhibit suppression of all ti types of nonsense (termination) mutation and some missv mutations. The second should be relatively specific, eith( nonsense mutations (all three termination codons) vs. sense mutations or for one of the three termination codc . missense mutations and the other termination codons. RL '11s of suppressor-specificity tests suggest that the A1093 suppressor is specific for UGA mutations. The trpA UAA and UAG mutants used are capable of exhibiting readthrough, on glucose minimal medium, in the presence of an rRNA mutant that is not codon specific (namely, the 16S mutant designated C517; ref. 22) . Furthermore, in a readthrough test that does not depend on catalytic activity of the trpA-encoded protein, A1093 exhibited readthrough at UGA but not UAA and UAG, while C517 exhibited readthrough at all three codons. Finally, using trpA UAG mutants, we recently isolated 16S rRNA mutants that suppress UAG codons as well as UGA, and one that suppresses all three codons (36) . The results suggest therefore that A1093 is not an altered accuracy mutant but rather that it causes a defect in UGA-specific termination.
The A1093 mutation is in the 5' half of 23S rRNA in domain II of six domains (Fig. 2) . The immediate neighborhood is a highly conserved region and G1093 itself is extremely well conserved. The finding of this mutation in a selection for altered translation further supports the view that phylogenetically conserved regions of rRNA play indispensable functional Biochemistry: Jemiolo et 
roles (37) . The 1093-containing region, from nt 1038 to nt 1117, contains interaction sites for several proteins: EF-G (20) , which has been cross-linked to this region (38) ; ribosomal protein Lii (39) , which has been implicated in a number of functions associated with protein synthesis, including termination; and a pentameric ribosomal protein complex composed of one LIO and four L12 molecules (40) . This region is involved, along with domain VI, in EF-G-dependent GTPase activity and binds the antibiotic thiostrepton, which inhibits EF-G-associated GTPase activity (41) and has been shown to inhibit RF binding to the ribosome in the presence of stop codons (42) . tRNA bound to the A-site of the large ribosomal subunit protects residues in this region (nt 1068 and 1071) from chemical attack (21) , and evidence has been presented for interaction of domain II with domain V, which contains the peptidyltransferase center (43, 44) .
Several avenues of action can be suggested for the A1093 mutation-that is, ways in which it might cause a defect specifically in UGA-directed peptide chain termination. First, it may directly affect RF2, the release factor that works specifically at UGA termination codons. This RF has several points of close contact with both subunits of the ribosome when it binds in response to a termination codon in the decoding site (45) . Furthermore, since it seems that RF3 works predominantly with RF2 at UGA-containing stop signals (46) , the A1093 phenotype may be achieved primarily by altered interaction with RF3. Another possibility rests on the suggested role of peptidyltransferase not only in peptide bond formation but also in hydrolysis of ribosome-bound peptidyltRNA. Domain II may interact with domain V, which contains the peptidyltransferase center, leaving open the possibility that A1093 decreases the efficiency of the proposed hydrolytic activity of peptidyltransferase. It is not clear, however, how that could account for the observed UGA specificity in suppression. Nonetheless, an intriguing observation was made recently-namely, that deletion of two nucleotides from domain V, immediately adjacent to the peptidyltransferase "ring," completely reverses the UGA suppression caused by A1093 (36) .
In a third scenario, the A1093 mutation may increase the activity of the large ribosomal subunit protein Lii in peptide chain termination. Experiments in vitro by Tate et al. (47) demonstrated that Lii influences the activities of the two codon-specific RFs oppositely. That is, it enhances (actually, is essential for) the activity of RFI (specific for UAG) but inhibits the activity of RF2 (specific for UGA). Consequently, the proposed A1093-induced increase in Lii activity would lead to more inhibition of RF2-dependent termination, allowing more readthrough or, in effect, suppression of UGA mutations. Consistent with this view are the results of preliminary experiments to test the opposite expectation. That is, if A1093 increases Lii activity, then it may increase RFidependent termination at UAG. Therefore, A1093 should lead to a reduction of suppressor tRNA-dependent readthrough of UAG mutations. We observed the expected result (unpublished observations)-namely, reduction of tRNA-dependent UAG suppression-when A1093 was introduced into strains containing either of two UAG-reading suppressors, one derived from tRNALYS (lysT) and the other from tRNAGIYI (glyU).
A bisulfite-induced change of G1093 to A greatly reduced the binding of L1I to naked mutant 23S rRNA in vitro (48) . Although the same investigators observed that the mutant assembles L 1I into ribosomes in vivo in a 1:1 stoichiometry, it is still possible that aberrant assembly of the Ai093 50S subunit affects the functions of L1.
Finally, G1093 of 23S rRNA may be involved in an interaction with 16S rRNA, perhaps specifically with helix 34 or nt 1406-1408, both of which function in chain termination (see refs. 6 and 34 for reviews). In support of this proposal are 23S rRNA crosslinks observed with 16S rRNA (49) . Mutational alteration of such an intersubunit RNA-RNA interaction could produce the suppressor phenotype directly or in conjunction with RF2 or LI 1. It is interesting that ribosome-bound mRNA has been cross-linked not only to RF2 (50) but also to both the Lu1-binding region of 23S rRNA (51) and helix 34 of 16S rRNA (52) . The A1093 mutation could also influence the activity of 16S rRNA indirectly by causing improper subunit association.
Two recent sets of findings from our laboratory should help elucidate the mechanism of action of A1093. First, after segment-directed PCR random mutagenesis and subcloning of the mutagenized fragment, AmpR transformants of trpA UGA mutant strains were screened for plasmid-and fragmentassociated UGA-specific suppressors. In addition to II independent isolates of A1093, suppressors were also found with deletions of G1093, A1095, or U1097, or a base substitution at position 1094, all in the highly conserved hexanucleotide loop from nt 1093 to nt 1098 (ref. 36; W. Xu and E.J.M., unpublished results). Second, the apparent high-expression lethality caused by A1093 when cloned into the original pN02680 (13) has been found to be high-temperature conditional (36) . That is, when fully expressed from plasmid pN02680 but tested at temperatures below 36°C, A1093 is not lethal. Selections for 23S rRNA segment-directed PCR mutations that reverse the lethality of A1093 at 37°C or 41°C have revealed mutations in domain V or domain VI (ref. 36 ; A. L. Arkov and E.J.M., unpublished results).
Regardless of the mechanism of action of A1093, our results demonstrate that 23S rRNA, and specifically a particular conserved nucleotide, plays a role in decoding the UGA termination codon.
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